Abstract Peripheral artery disease (PAD) is a result of the atherosclerotic narrowing of blood vessels to the extremities, and the subsequent tissue ischemia can lead to the up-regulation of angiogenic growth factors and formation of new vessels as a recovery mechanism. Such formation of new vessels can be evaluated with various non-invasive molecular imaging techniques, where serial images from the same subjects can be obtained to allow the documentation of disease progression and therapeutic response. The most commonly used animal model for preclinical studies of PAD is the murine hindlimb ischemia model, and a number of radiotracers have been investigated for positron emission tomography (PET) and single photon emission computed tomography (SPECT) imaging of PAD. In this review article, we summarize the PET/SPECT tracers that have been tested in the murine hindlimb ischemia model as well as those used clinically to assess the extremity blood flow.
Introduction
Peripheral arterial disease (PAD) is predominantly a disease of the elderly population and the incidence rate is increasing as the western world population continues to age. Prevalence of PAD in asymptomatic adults over 40 years old is 4.2 % in the United States, which can be as high as 7.0 % in those with metabolic syndrome [1] . PAD is a consequence of systemic atherosclerosis that leads to progressive narrowing of the arteries to many different organs, and the circulation of the lower extremities is the most frequently involved [1] . As a compensatory response to ischemia, the human body upregulates the expression of angiogenic growth factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), and the corresponding receptors that collectively can stimulate the development of collateral vessels [2] . In cases that these biological compensatory mechanisms fail (which usually do), therapeutic interventions such as exercise training, surgical bypass grafting, exogenous growth factors, gene/stem cell therapies, and drug delivery systems can be used to help the reconstitution of extremity blood circulation [3, 4] . Surgical revascularization is still the best treatment for PAD, however other strategies can be considered when, for whatever reason, a surgical procedure is not possible [5] .
The biological responses to therapeutic intervention should be evaluated with objective and quantitative measures in order to accurately evaluate the efficacy of the procedure. Traditional imaging techniques such as Doppler ultrasonography, magnetic resonance imaging (MRI), and contrast angiography are commonly used to assess extremity ischemia in human subjects [3, 6, 7] . Laser Doppler perfusion imaging is an efficient and inexpensive technique to document extremity ischemia without exposure to radiation ( Fig. 1) [7] . However, although this technique can be useful for detecting superficial flow deficits, it is incapable of providing reliable information on subtle changes in blood flow which makes it inadequate to visualize, quantify, and characterize angiogenesis in response to ischemia [7] . MRI has good spatial resolution and tissue penetration of signal without the use of ionizing radiation, yet it is quite expensive and has much lower sensitivity for molecularly targeted imaging than nuclear medicine techniques such as positron emission tomography (PET) and single photon emission computed tomography (SPECT) [8] . Angiography can give excellent resolution, but it is highly observer dependent and not very reproducible [9, 10] . Furthermore, invasiveness and requirement for high technical expertise make this technique impractical for serial imaging.
PET and SPECT are noninvasive, radioisotope-based techniques that can be used to image changes in extremity blood circulation, which can provide early, sensitive, and specific detection of ischemic diseases at the molecular level [11, 12] . Traditionally, extremity ischemia and subsequent angiogenesis in animal models have been evaluated by highly invasive techniques that require the collection, and often the destruction, of tissue samples, which has limited clinical relevance and prohibits serial monitoring of the biologic processes in living animals. The recent development of dedicated small animal PET and SPECT imaging systems enabled the noninvasive visualization of angiogenesis via various molecularly targeted radiotracers [13] [14] [15] . Over the last decade, high resolution PET/SPECT scanners continued to be developed and made available for imaging small animals, improving the capacity for in vivo studies in mice, primates, and humans. This will facilitate cross-species comparisons, critical for successful translational research studies and optimal benefit from research using experimental model systems. Fig. 1 a Laser Doppler imaging of the ischemic foot of a patient with diabetes before and after infrainguinal revascularization. The areas with improved perfusion are shown in red and the areas with poor perfusion are shown in blue. b Serial laser Doppler imaging of ischemic hindlimb of a C57 mouse. Decreased perfusion soon after the surgery (dark blue) was observed in the ischemic limb, whereas high perfusion pattern (red to orange) was detected in the control hindlimb. The recovery of perfusion was clearly detectable on day 7. Adapted from [75, 76] . (Color figure online)
Continuous search has led to the development of several animal models of PAD [16] . Among them, the murine hindlimb ischemia model is a well-established and commonly used preclinical model for PAD [17] . When compared to other models of tissue ischemia, the murine hindlimb ischemia model offers simple surgical procedure, ease of access to the femoral artery, low mortality rate, among others [18] . In this review article, we summarize the PET/SPECT tracers that have been tested in the murine hindlimb ischemia model as well as those used clinically to assess the extremity blood flow.
Clinical perspective
Molecular imaging can noninvasively visualize, characterize, and quantify the cellular and subcellular biological changes that occur during the development processes of various diseases [19, 20] . Among all the molecular imaging modalities, PET and SPECT are of the greatest clinical relevance because these techniques can monitor the delicate alterations during pathological processes with high sensitivity and good tissue penetration of the signal [19, [21] [22] [23] [24] [25] . Furthermore, combining anatomic (e.g., CT or MRI) with functional (e.g., PET and SPECT) imaging can be synergistic and yield more accurate results. When compared to the traditional imaging methods for PAD, molecular imaging methods come into prominence because of noninvasiveness and easy applicability, which enables serial imaging of the same subject. Such serial molecular imaging studies can provide quantitative information about disease progression, aid in the evaluation of therapeutic interventions, and enable individualized monitoring of PAD patients in the clinic. The performance of a molecular imaging agent is dependent on many factors such as the size, composition, density of targeting ligands, hydrophilicity/ hydrophobicity, circulation half-life, among many others [19] . Although exposure of patients to ionizing radiation is a concern for the clinical use of PET and SPECT [26] , these techniques have been routinely used in the clinic for decades with little adverse effects [27-32].
Molecular imaging of angiogenesis can be directed against non-endothelial cell targets (e.g., monocytes, macrophages, and stem cells), endothelial cell targets (e.g., growth factor receptors, integrins, CD13, and cell adhesion molecules), extracellular matrix proteins, proteases, among others (Table 1 ) [12, [33] [34] [35] [36] . Among the proteins involved in angiogenesis, VEGF is a highly potent and predominant angiogenic factor [37, 38] . Integrins have also been implicated in a number of processes related to angiogenesis, including cell adhesion, migration, proliferation, differentiation, and survival [15, 26, 33] .
PET imaging of hindlimb ischemia
Integrin a v b 3 is an intensively studied biological modulator of angiogenesis [39] . Almutairi et al.
[40] developed a biodegradable, 76 Br labeled, integrin a v b 3 targeted, dendritic nanoprobe for PET imaging of angiogenesis in the ischemic mouse limb. Cyclic arginine-glycine-aspartic acid (RGD) motifs conjugated at the terminal ends of the nanoprobe enhanced the binding affinity to integrin a v b 3 , which led to significantly increased uptake of the nanoprobe in the ischemic hindlimb between days 3 and 14, with a peak at day 7 after the surgical procedure (Fig. 2a) . The circulation halflife of the nanoprobe (which contains many tyrosine residues for efficient labeling with 76 Br) could be adjusted within a wide range (1.4 ± 0.4 h-50 ± 10 h), by selecting the appropriate level of dendritic branching and length of the polyethylene oxide chain. It was suggested that the nanoprobes used in this study isolated and protected the radiolabel from being rapidly recognized and metabolized.
In another study, a cyclic peptide containing the RGD motif was labeled with 68 Ga (termed 68 Ga-NOTA-RGD, where NOTA denotes 1,4,7-triazacyclononane-N,N 0 ,N 00 -triacetic acid) for PET imaging of angiogenesis in the murine hindlimb ischemia model, which exhibited significant uptake in the operated limb on day 7 after the induction of ischemia [41] . The short decay half-life of 68 Ga (68.3 min) and its hydrophilic nature (in the form of Ga 3? ) makes it a desirable radiolabel for small peptides which typically 68 Ga over other radiolabels is the relatively low cost, since the parent nuclide 68 Ge has a long half-life (271 days) which allows continuous production of 68 Ga for more than 1 year with a 68 Ge/ 68 Ga generator. Another attractive feature of this method is the high stability of the 68 Ga-NOTA complex, which only required 10 min for radiolabeling at room temperature.
Natriuretic peptides are a family of heart-and vesselderived hormones that play important roles in cardiovascular homeostasis by interacting with their corresponding natriuretic peptide receptors (NPRs) [42, 43] . The natriuretic peptide clearance receptor (NPR-C) is a potential target for PET imaging of angiogenesis, since it is the only NPR that recognizes all natriuretic peptides and natriuretic peptide fragments [44] . In a recent study by Liu et al.
[44], a 64 Cu labeled C-type atrial natriuretic factor (CANF) fragment was investigated for PET applications. A multivalent DOTA-CANF-comb nanoprobe (where DOTA denotes 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid and comb represents an amphiphilic comb-like nanoparticle to which the CANF and DOTA were conjugated) was constructed which exhibited enhanced blood retention, specific activity, targeting efficiency, and uptake than the corresponding radiolabeled monovalent CANF peptide. Similar as other literature reports mentioned above [40, 41] , this probe also showed a marked increase in uptake on day 7 in the ischemic hindlimb.
VEGF receptors (VEGFRs) are key regulators of angiogenesis, and activation of the VEGF/VEGFR pathway triggers multiple downstream signaling cascades that can lead to increased angiogenesis [14, 37, 45] . In one report, Willmann et al. [46] used 64 Cu labeled VEGF 121 for noninvasive and quantitative monitoring of VEGFR-2 expression in the murine hindlimb ischemia model, with half of the mice in this study subjected to treadmill exercise training to enhance angiogenesis. Tracer uptake in the ischemic hindlimb increased significantly after surgical creation of the model, peaked at around postoperative day 8, and gradually decreased over the following 3 weeks [46]. VEGFR-2 expression level was found to be significantly elevated in the ischemic skeletal muscle, as a result of arterial occlusion, making it a suitable target for PET imaging of angiogenesis. Taken together the literature reports to date, targeting both integrin a v b 3 and VEGFR-2 may enhance the efficiency of future PET imaging of angiogenesis in ischemia, in animal models as well as clinical investigation.
Small animal PET is capable of providing information not only about perfusion but also about the functionality of N-ammonia PET images of spontaneous perfusion recovery in a murine hindlimb ischemia model, at different time points after surgery. Adapted from [40, 47] the ischemic muscle. In an interesting study, Penuelas et al.
[47] used 13 N-ammonia to assess the blood flow of the murine hindlimb by PET. A correlation between 13 Nammonia uptake and the amount of necrosis and fibrosis in the muscle tissue was observed, which reflected the functional capacity of the affected muscle tissue. Perfusion recovery was again the most prominent during the first week after surgery (Fig. 2b) .
SPECT imaging of hindlimb ischemia
In an early study, Hua et al.
[48] evaluated a 99m Tc-labeled peptide that contains an RGD motif (NC100692, for targeting of integrin a v b 3 ) for in vivo imaging of angiogenesis in the murine hindlimb ischemia model. The tracer exhibited rapid renal clearance from the blood, with significantly increased focal 99m Tc-NC100692 activity distal to the occlusion at days 3 and 7 (Fig. 3) . Of note, the binding of 99m Tc-NC100692 to inflammatory or smooth muscle cells may also have contributed to the radioactivity signal in the ischemic hindlimb. Although the planar imaging method used in this study tended to underestimate the magnitude of the relative increase in 99m Tc-NC100692 retention within the ischemic hindlimb, this could be corrected with the use of a higher resolution microSPECT/microCT system for tomographic instead of planar imaging.
In a subsequent study, the same group reported a semiautomated noninvasive approach for serial quantitative evaluation of peripheral angiogenesis with 99m Tc-NC100692 microSPECT/micorCT imaging [49] . This semi-automated approach applied complex volumes-of-interest, derived from segmentation of the microCT images, onto the microSPECT images to calculate ischemic-to-nonischemic (I/NI) activity ratios for the proximal and distal hindlimb [49] . With this technique, high reproducibility (both intra-observer and interobserver) and good accuracy for estimation of radiotracer activity relative to c counting was demonstrated.
Clinical imaging of extremity ischemia

PET
In general, PET imaging of extremity ischemia in human subjects aims to quantify the extremity blood flow and O 2 utilization using C 15 In patients with unilateral neurogenic claudication, 15 Olabeled water has also been used to measure thigh and leg muscle blood flow with PET in response to exercise [ 18 F labeling is typically time-consuming and laborious which hampers clinical translation of various promising PET tracers, exacerbated by the daunting regulatory hurdles and much smaller potential market for imaging of PAD when compared to PET imaging of other diseases such as cancer. To date, little clinical investigation has been reported on imaging the biological processes (e.g., angiogenesis) during extremity ischemia using the molecular imaging agents described above.
SPECT
99m Tc-sestamibi is a lipophilic cation which, when injected intravenously into a patient, distributes in the myocardium proportionally to the myocardial blood flow [56] . In addition to myocardial uptake, 99m Tc-sestamibi is also considerably taken up by the striated muscle. Therefore, this tracer has been widely used for analyzing the muscular perfusion in various clinical settings. To visualize leg muscle perfusion both at rest and during standardized stress test using a bicycle ergometer, Bostrom et al. [57] performed 99m Tc-sestamibi SPECT in 16 patients with intermittent claudication. The muscular uptake of 99m Tcsestamibi in the thigh increased significantly from rest to exercise, however the tracer uptake remained unchanged in the calf muscle. A linear correlation between the increased isotope uptake from rest to exercise and the blood pressure ratio was documented. Instead of 99m Tc-sestamibi SPECT, 201 Tl perfusion scintigraphy was used in another report by Hamanaka et al. [58] , which also allowed for quantitative evaluation of intermittent claudication in patients.
99m Tc-sestamibi was also used for evaluation of regional blood supply of thigh and calf muscles in early stages of atherosclerosis [59, 60] . A reduced stress and rest perfusion of lower limb muscles could be documented in clinically asymptomatic patients with atherosclerotic changes of lower limb vessels. Therefore, this technique could help early detection of the ischemic changes in asymptomatic patients, thereby enabling early intervention and prevention of disease progression. Tc-pyrophosphate has been used to estimate the ischemic skeletal muscle mass in ischemia-reperfusion injury [61] . In another report, 99m Tc-pyrophosphate SPECT was employed to measure the amount of regional skeletal muscle necrosis in patients [62] . It was speculated that the volume of necrosis determined by this method could predict the clinical outcome. However, in a study by Bajnok et al. [63] , 99m Tcsestamibi was paradoxically taken up at a higher level in muscles supplied by significantly stenosed vessels. In this study, muscle perfusion of lower extremities in 35 patients with peripheral vascular disease was functionally investigated, and the results of 99m Tc-sestamibi scintigraphy were compared with those of angiography to estimate the diagnostic accuracy. The sensitivity and specificity of 99m Tc-sestamibi scintigraphy were found to be 55 and 25 %, respectively, with an overall accuracy of 50 %. It was concluded that 99m Tc-sestamibi scintigraphy was not sufficiently reliable to improve the management of patients with peripheral vascular disease [63] .
Conclusion and future perspectives
PET and SPECT are highly suitable for molecular imaging of angiogenesis since they are both tomographic and very sensitive. In addition, PET is also highly quantitative. Small animal PET/SPECT imaging has been widely used over the last decade in preclinical research [19] . PET is superior to SPECT in terms of higher sensitivity and more established attenuation correction algorithms, while SPECT can provide better spatial resolution than PET (applicable to dedicated small animal scanners but not clinical scanners) and allow for the use of multiple isotopes simultaneously [64] . Dual tracer imaging with SPECT can enable the investigation of different physiological and molecular functions (e.g., blood flow and angiogenesis) under the same physiological conditions, which is critical when the targets under investigation depend on each other hence requiring simultaneous assessment under identical conditions. A major limitation for PET/SPECT imaging of hindlimb ischemia with small molecule or peptide-based tracers is the intense accumulation of radioactivity in the bladder, which may hamper reliable analysis of the proximal hindlimb, located close to the site of ligation of the femoral artery in the commonly used hindlimb ischemia model [49] . Further development and optimization of antibody and nanomaterial-based imaging agents may circumvent this problem because of the lack of renal clearance.
Antibody-based imaging has been a dynamic area of research over the last several decades [65, 66] . For example, an antibody which specifically binds to human and murine CD105 (i.e., TRC105, a human/murine chimeric IgG1 monoclonal antibody) has recently been investigated for molecular imaging of tumor angiogenesis, after it was labeled with various PET isotopes [67] [68] [69] [70] . Similar as VEGFR and integrin a v b 3 , CD105 also plays an important role in angiogenesis which is distinct from the VEGF/VEGFR pathway [71, 72] . Therefore, longitudinal imaging of CD105 expression in PAD models can give complementary information to the tracers discussed above. Recently, pilot studies in our laboratory have shown that 64 Culabeled TRC105 can be successfully used for noninvasive PET imaging of angiogenesis in the mouse hindlimb ischemia model (our unpublished data, Fig. 4 ), which warrants detailed investigation in the future and potential clinical translation.
Although the hindlimb ischemia model is well-established and commonly used for investigation of PAD, the expression of angiogenesis-related molecular markers and collateral vessel creation is dependent on the mouse strain and may vary in older, atherosclerotic, and hypercholesterolemic mice [73, 74] . Therefore, future studies are needed in animal models that better reflect the clinical situation and vascular status of PAD patients. Rapid translation of the promising PET/SPECT agents, not only some of those discussed above but also certain others under development, for clinical imaging of PAD is critical to the maximum benefit of patients.
Development of PET/SPECT tracers with relatively long decay half-lives (e.g., 12 h to a few days) may be more suitable for future clinical investigation with relatively low cost. A longer half-life can allow the production and transport of radiotracers from a single center to many other laboratories/clinics, obviating the establishment of an on-site cyclotron facility in every imaging center. The beauty of molecular imaging is that it is molecular specific, instead of disease specific. Since the biological process underlying PAD is related to various other cardiovascular diseases such as myocardial infarction, stroke, atherosclerosis, among others, the same tracers can also play important roles in the biomedical research of these diseases. 
